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We analyze the sensitivity of next-generation tonne-scale neutrinoless double-β decay (0νββ) experi-
ments and searches for same-sign di-electrons plus jets at the Large Hadron Collider to TeV scale lepton
number violating interactions. Taking into account previously unaccounted for physics and detector
backgrounds at the LHC, renormalization group evolution, and long-range contributions to 0νββ nuclear
matrix elements, we find that the reach of tonne-scale 0νββ generally exceeds that of the LHC for a class of
simplified models. However, for a range of heavy particle masses near the TeV scale, the high luminosity
LHC and tonne-scale 0νββ may provide complementary probes.
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Total lepton number (L) is a conserved quantum
number at the classical level in the Standard Model
(SM) of particle physics, yet it is not conserved in many
scenarios for physics beyond the Standard Model (BSM).
Experimentally, the observation of neutrinoless double-beta
decay (0νββ decay) of atomic nuclei would provide direct
evidence for lepton number violation (LNV). This obser-
vation would also indicate the existence of a Majorana mass
term for the lightest neutrinos [1], consistent with the
prediction of the seesaw mechanism [2–6].
Recent results from the EXO [7], GERDA [8], and
KamLand-ZEN [9,10] experiments have placed stringent
upper limits on the 0νββ-decay half-lives (T0νββ1=2 ) of
76Ge and
136Xe on the order of a few times 1025 years. When
interpreted in terms of the exchange of light Majorana
neutrinos, these limits imply an upper bound of order
100–400 meV on the 0νββ-decay effective mass mββ,
depending on the value of the nuclear matrix element
employed in this extraction [11]. The next generation of
“tonne scale” 0νββ-decay searches aim for half-life sensi-
tivities of order ∼1027 years, with a corresponding mββ
sensitivity on the order of tens of meV, consistent with
expectations based on the inverted hierarchy (IH) for the light
neutrino mass spectrum. In this interpretive framework, a
null result would imply that either neutrinos are Majorana
particles with a mass spectrum in the normal hierarchy (NH)
or that they are Dirac fermions.
It is possible that neutrino oscillation studies may
determine the neutrino mass hierarchy before the next
generation 0νββ-decay searches reach their goal sensitivity.
Should the hierarchy turn out to be normal, a null result
from the tonne-scale 0νββ-decay experiments would not be
surprising. However, alternate decay mechanisms could
still lead to observation of a signal in the next generation
searches, even if the light neutrino spectrum follows the NH
and the value of mββ is experimentally inaccessible. These
mechanisms include radiative neutrino mass scenarios [12]
and the TeV-scale seesaw mechanism [13–19] [20]. In these
scenarios, the LNV interactions may involve particles
whose masses are of order one TeV and whose exchange
generates short range interactions that lead to 0νββ decay.
Straightforward arguments indicate that the resulting 0νββ-
decay half-life can be of order 1027 yr or shorter, compa-
rable to expectations based on the three light Majorana
exchange mechanism and the IH [21]. The associated light
Majorana masses may nevertheless follow the NH withmββ
well below the meV scale.
How might one experimentally distinguish the TeV
LNV scenario for 0νββ decay from the more conventional
paradigm based solely on the exchange of light Majorana
neutrinos? One possibility is to analyze experiments that
search for charged lepton flavor violation, as discussed in
Ref. [21]. Another, perhaps more direct, means is to search
for the LNV interactions in high energy collider experi-
ments (see, e.g. [22–42]).
This possibility has recently been explored by the
authors of Refs. [43,44], who utilized a simplified model
framework to analyze the relative sensitivities of tonne-
scale 0νββ-decay experiments and searches for LNV
signals at the CERN Large Hadron Collider. These authors
performed a systematic classification of simplified models
that one may map onto more complete theories, such as
R-parity violating supersymmetry. They find that in a
broad range of cases the LHC with 300 fb−1 of integrated
luminosity (corresponding to the end of run II) would
achieve substantially greater reach for TeV-scale LNV
interactions than would the tonne-scale 0νββ-decay
searches [45]. If verified, the prospective LHC exclusion
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of TeV scale LNV in the simplified model context would
contrast sharply with conclusions based on type I seesaw
models, where the 0νββ-decay reach can exceed that of the
LHC for sufficiently small active-sterile neutrino mixing
angles (see, e.g., [33]).
In what follows, we revisit the analysis of Refs. [43,44]
and find that their conclusions regarding the LHC reach
may be overly optimistic. We consider three aspects of the
LHC and 0νββ-decay physics not included in Refs. [43,44]
but that should be taken into account in any analysis of the
LHC=0νββ-decay interplay: (a) the impact of SM and
detector backgrounds on the significance of an LHC
LNV signal; (b) running of the corresponding LNVeffective
operators from the TeV scale to the low-energy scale
relevant to 0νββ-decay; and (c) long-distance contributions
to the 0νββ-decay nuclear matrix element (NME). For the
specific model realization considered here (see below), the
impacts of these considerations are, respectively, to
(a) degrade the significance of the LHC LNV signal for a
given choice of LNV model parameters; (b) reduce the
strength of the 0νββ-decay amplitude relative to the inferred
value of parameters at the high scale; and (c) enhance the
NME.We then find that for a limited range of heavy particle
masses, existing 0νββ-decay searches and run II of the LHC
may have comparable sensitivities to TeV scale LNV,
depending on the values of the 0νββ-decay nuclear and
hadronic matrix elements. Accumulation of additional data
with the high-luminosity phase of the LHC would be
necessary to achieve a reach comparable to the tonne-scale
0νββ-decay searches. More generally, our results highlight
the importance of incorporating all three considerations (a)–
(c)when assessing the relative reaches of 0νββ decay and the
LHC, a practice that has not always been implemented in
previous work on this topic.
To be concrete, we focus on one of the simplified models
yielding the greatest LHC reach according to Refs. [43,44].
The model includes a scalar doublet S transforming as
(1,2,1) under SUð3ÞC × SUð2ÞL × Uð1ÞY and a Majorana
fermion F that transforms as a SM gauge singlet. The
interaction Lagrangian is
LINT ¼ g1Q¯αi dαSi þ g2ϵijL¯iFSj þ H:c:; ð1Þ
where L and Q are first generation left-handed lepton and
quark doublets, respectively; d is the right-handed down
quark; and Roman and Greek indices correspond to SUð2ÞL
and SUð3ÞC components, respectively. In high energy
proton-proton collisions, the interaction (1) will generate
a final state with a same sign (SS) di-electron pair along
with two high-pT jets. When either the S or F appears as an
s-channel resonance, the corresponding cross section will
be enhanced. For the low-energy 0νββ-decay process, one
may integrate out the heavy degrees of freedom, yielding
the dimension-nine LNV interaction:
LeffLNV ¼
C1
Λ5
O1 þ H:c: O1 ¼ Q¯τþdQ¯τþdL¯LC; ð2Þ
where LC is the lepton doublet charge conjugate field, τþ is
the isospin raising operator, C1 ¼ g21g22 and Λ5 ¼ M4SMF.
We have implemented the model (1) in MADGRAPH and
generated events with MADEVENT [46] for pp collisions at
14 TeV, carrying out showering, jet matching, and hadro-
nization with PYTHIA [47] and detector simulation with
PGS. The dominant backgrounds involve (a) “charge flip,”
wherein one lepton from a SM opposite sign (OS) di-
electron pair transfers most of its pT to an electron of the
opposite sign through conversion and (b) a high-pT jet is
registered as an electron in the electromagnetic calorimeter
(“jet fake”). Subdominant backgrounds include diboson
(WW, WZ, ZZ) plus jets. The charge flip background from
the various aforementioned sources was derived by binning
events in pseudorapidity (η) and applying the η-dependent
charge-flip probabilities as measured by ATLAS [48].
For the jet-fake background, we applied a medium
jet-fake probability of 2 × 10−4 [48,49] times a combina-
toric factor associated with the number of jet fakes in an
event with N jets.
After imposing a set of basic selection cuts
(pTj;b;l > 20 GeV; jηjj < 2.8; jηlj < 2.5) we find that
additional cuts on HTðjetsÞ, the scalar sum of all jet pT ,
the dilepton invariant mass, and missing energy ET are
highly effective in reducing the background while main-
taining the signal. A set of cuts that optimizes the signifi-
cance S=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sþ Bp is given in Table I. The signal indicated is
TABLE I. Cut-flow designed for optimizing signal relative to background. Note: kinematic cuts are not commutative.
Backgrounds
Diboson Charge flip Jet fake
σ (fb) Signal W−W−þ2j W−Zþ2j ZZþ2j Z=γþ2j tt¯ tt¯ t¯þ3j W−þ3j 4j Sﬃﬃﬃﬃﬃﬃﬃ
SþBp (
ﬃﬃﬃﬃ
fb
p
)
Before cuts 0.142 0.541 6.682 0.628 903.16 68.2 6.7 0.45 15.09 362.352 0.0038
Signal selection 0.091 0.358 4.66 0.435 721.7 28.9 2.37 0.22 11.73 72.03 0.0031
HTðjetsÞ>650GeV 0.054 0.04 0.187 0.015 5.6 0.266 0.025 0.0003 0.102 0.027 0.0213
ml1l2 > 130 GeV 0.039 0.029 0.105 0.008 0.163 0.127 0.024 3×10
−4 0.101 0.027 0.0493
ET < 40 GeV 0.036 0.005 0.036 0.007 0.126 0.014 0.005 3×10−5 0.03 0.017 0.0684
(ðηj1;2−ηl1;2Þmax<2.2 0.033 0.003 0.022 0.005 0.093 0.009 0.004 2×10−5 0.019 0.011 0.0738
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generated for MS ¼ MF ¼ 1 TeV and g1 ¼ g2 ¼ 0.176,
corresponding to a 0νββ-decay rate consistent with the
present GERDA upper bound (see below).
In order to translate the sensitivity to the parameters that
enter the high energy process to the 0νββ-decay rate, we
evolve the operator O1 to the GeV scale using the
renormalization group. We include only QCD corrections,
known to be particularly important for 0νββ decay [50,51],
and run from the scale μ ¼ Λ to μ ¼ 1 GeV. Under this
evolution, O1 will mix with three additional operators:
O2 ¼ Q¯σμντþdQ¯σμντþdL¯LC, O3 ¼ Q¯TAτþdQ¯TAτþdL¯LC,
and O4 ¼ Q¯σμνTAτþdQ¯σμνTAτþdL¯LC, where TA A ¼
1;…; 8 denote the SUð3ÞC generators in the fundamental
representation. The corresponding anomalous dimension
matrix is
γT ¼ αs
2π
0
BBB@
−8 0 0 −32=3
0 −8=3 2=9 0
0 −48 1 −20
−1 0 −5=12 −19=3
1
CCCA: ð3Þ
The Wilson coefficients CT ¼ ðC1;…; C4Þ then evolve
according to dC=d ln μ ¼ γTC. Under this evolution,
we find, for example, that if onlyC1ðμ ¼ ΛÞ is nonvanishing
at the high scale, then the magnitude of the Wilson
coefficients Cjðμ¼ 1GeVÞ are: C1 ¼ 0.203C1ðΛÞ, C2¼
−0.007C1ðΛÞ, C3¼0.266C1ðΛÞ, and C4¼−0.055C1ðΛÞ.
For μ below ∼1 GeV, use of quark degrees of freedom is
no longer appropriate, so one must match the operators Oj
onto operators built from hadronic degrees of freedom [52].
To that end, we follow Ref. [53] and exploit the trans-
formation properties of the Oj under SUð2ÞL × SUð2ÞR
chiral symmetry. It is convenient to Fierz transform O3;4 to
forms in which all quark blinears are color singlets, leading
to an effective coefficient of O1 given by
Ceff ≈C1ð1GeVÞ−
5
12
C3ð1GeVÞ¼ 0.092C1ðΛÞ; ð4Þ
where we have omitted the negligible contributions from
C2;4ð1 GeVÞ. Using the notation of Ref. [53] we note that
the part of O1 relevant to the decay process is
LeffLNV ¼
Ceff
2Λ5
ðOþþ2þ −Oþþ2− Þe¯LecR þ H:c:; ð5Þ
where ecR ≡ ðeLÞC and
Oab2 ¼ q¯RτaqLq¯RτbqL  q¯LτaqRq¯LτbqR ð6Þ
with qTL;R ¼ ðu; dÞL;R. Since Oþþ2− is parity odd and the
0νββ-decay processes of experimental interest involve
0þ → 0þ transitions, we retain only the Oþþ2þ part of (5).
At the hadronic level, Oþþ2þ e¯Le
c
R matches onto the two
pion-two electron operator
Ceff
Λ
Oþþ2þ e¯Le
c
R þ H:c: →
CeffΛ2HF
2
π
2Λ5
π−π−e¯LecR þ H:c:;
ð7Þ
where Fπ ¼ 92.2 0.2 MeV is the pion decay constant
[54] and ΛH is a mass scale associated with hadronic
matrix elements of the four quark operator Oþþ2þ . Using
the vacuum saturation and factorization approximation,
we estimate the latter to be ΛH ¼ m2π=ðmu þmdÞ ≈
2.74 GeV for mπþ ¼ 139 MeV and mu þmd ¼ 7 MeV
[55]. While this approximation is subject to theoretical
uncertainties, it provides a reasonable guide to the magni-
tude of the hadronic matrix elements. We account for this
uncertainty below.
The effective pion-electron interaction in Eq. (7) leads to
a long-range contribution to the 0νββ amplitude [53].
Following Ref. [53] we then obtain the following result
for the decay rate:
1
T1=2
¼ G01

TeV
me

2

ΛH
TeV

4

1
18

v
TeV

8
×

1
gA cos θC

4
jM0j2

C2eff
ðΛ=TeVÞ10

;
G01 ¼ ðGF cos θCÞ4

ℏc
R

2

m2eg4A
32π5ℏ ln 2

IðEββÞ; ð8Þ
with θC being the Cabibbo angle, v ¼ 246 GeV the Higgs
vacuum expectation value, gA the nucleon axial vector
coupling, IðEββÞ the electron phase space integral
Z
Eββ−me
mþe
dE1FðZ þ 2; E1ÞFðZ þ 2; E2Þp1E1p2E2; ð9Þ
E2 ¼ Eββ − E1, and FðZ þ 2; E1;2Þ being factors that
account for distortion of the electron wave functions in
the field of the final state nucleus. The NME is given by
M0 ¼ hΨfj
X
i;j
R
ρij
½F1~σi · ~σj þ F2Tijτþi τþj jΨii; ð10Þ
where Tij ¼ 3~σi · ρˆij~σj · ρˆij − ~σi · ~σj, R ¼ r0A1=3, ~ρij is the
separation between nucleons i and j, and the functions
F1;2ðj~ρijjÞ are given in Ref. [53]. We have normalized the
rate to the conventionally used factor G01 that contains
quantities associated with the SM weak interaction (such as
gA), even though the LNV mechanism here involves no SM
gauge bosons. The rate (8) is, in fact, insensitive to gA and
the debate over its “quenching” in nuclei [56–62].
Values for M0 have been computed using the quasipar-
ticle random phase approximation (QRPA) in Ref. [52] for
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a variety of isotopes. For illustrative purposes, we consider
the 0νββ decay of 76Ge, for which the authors of Ref. [52]
give M0 ¼ −1.99. We emphasize, however, that both the
hadronic matching scale ΛH and the NMEM0 are presently
subject to considerable theoretical uncertainties. In the case
of 0νββ decay mediated by the exchange of light Majorana
neutrinos, for example, NME computations obtained using
the nuclear shell model are typically a factor of 2 smaller
than those obtained using QRPA. In order to illustrate the
impact of both sources of uncertainty, we show results for
two different values the product M0Λ2H that differ by a
factor of 2.
To illustrate the present and prospective reach of 0νββ
decay and LHC searches, we first show in Fig. 1 the
significance of a possible LHC observation, assuming
C1=Λ5 has the maximum value consistent with the present
GERDA limit for 76Ge (T1=2 < 3 × 1025 yr) as implied by
Eq. (8). We see that nonobservation with ∼735 fb−1
(∼70 fb−1) would imply exclusion at a level consistent
with the present GERDA limit assuming the larger
(smaller) value of M0Λ2H. The corresponding requirement
for discovery S=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sþ Bp ≥ 5 is ≳4.6 ab−1 (≳435 fb−1). It
is striking that a factor of 2 difference in M0Λ2H, when
translated into an upper bound on C1=Λ5, implies an order
of magnitude difference in the luminosity needed for LHC
exclusion or discovery. The exclusion and discovery
reaches for both the LHC and a future, one-ton 0νββ decay
as functions of Λ and an effective coupling geff ¼ C1ðΛÞ1=4
are shown in Figs. 2 and 3, respectively. We use a
prospective 76Ge sensitivity of T1=2 ¼ 6 × 1027 yr [63].
We also show the present GERDA exclusion for reference.
The darker shaded bands at the lower edges of each 0νββ-
decay exclusion and future sensitivity regions indicate the
impact of varying M0Λ2H by a factor of 2. From Fig. 2 we
observe that with ≳100 fb−1 the LHC would begin to
extend the present GERDA exclusion for Λ in the vicinity
of 1.4 TeV for the larger value of jM0jΛ2H and for a broader
range of masses assuming the smaller value. As indicated
by Fig. 3, the opportunities for discovery with 300 fb−1
appear more limited, even under the assumption of the
smaller nuclear and hadronic matrix elements. However,
the high luminosity phase of the LHC with 3 ab−1 could
open the possibility for discovery over a range of masses
that depends on the value of M0Λ2H.
From the standpoint of the LHC, this conclusion is not as
optimistic as obtained in Refs. [43,44], as the reach of the
tonne-scale 0νββ-decay experiments appears to exceed that
of the high-luminosity LHC over nearly the entire range of
parameter space considered within this simplified model
framework. We expect that our findings regarding the
importance of jet-fake and charge flip backgrounds,
QCD running, and long-range NME contributions to
generalize to other simplified models as well as to full
theories of LNV. It is, nevertheless, interesting to compare
the prospects for both 0νββ decay and the LHC, as
observation of a signal in both experiments is possible
and would point to the existence of TeV scale LNV
interactions.
FIG. 3. Same as Fig. 2 but giving LHC discovery reach.
FIG. 1. Significance of a LHC e−e− þ dijet signal as a function
of integrated luminosity assuming the maximum C1=Λ5 consis-
tent with the GERDA 0νββ half-life limit. Upper and lower
curves correspond to values of the NME M0 ¼ −1.0 and −1.99,
respectively.
FIG. 2. Present and future reach of 0νββ and LHC searches for
the TeV LNV interaction (1) as functions of the effective coupling
geff and mass scale Λ (see text). Present GERDA exclusion and
future tonne-scale 0νββ sensitivity are indicated by upper and
lower shaded regions, respectively. Darker shaded bands indicate
impact of varying M0Λ2H by a factor of 2. LHC exclusion reach
for representative integrated luminosities are indicated by the
solid, dashed, and dotted lines.
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